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WAVE CLOUDS ASSOCIATED WITH OBSTACLES, OBSERVED 
FROM ARTIFICIAL EARTH SATELLITES 

P. B. Smirnova 

ABSTRACT. A comparatively large number of television 
pictures of wave clouds associated with obstacles, taken 
by the "Cosm6s-122" satellite, is analyzed above mountainous 
regions in the Urals and eastern Siberia. 
tic scale of wave movements is determined from the televi- 
sion pictures. Statistical analyses of rawinsonde data on 
temperature and wind are used as a basis for drawing conclu- 
sions regarding the nature of the temperature stratification 
within the cloud layer and the wind-field pattern in the air 
layer below the clouds. 

pictures of wave clouds to determine the wind speed and 
direction. 

3 figures, 12 bibliographic entries. 

The characteris- 

The graphs are provided which allow use of television 

Television pictures of cloud covers are one of the most important forms 
of meteorological information presently obtained from artificial earth 
satellites. The high resolving power of the television cagleras mounted 
aboard the "Cosmos-122" satellite [2], has made it possible to discover a 
number of interesting features of the structure of cloud formations 
dimensions on the order of several kilometers. 
it is possible to detect easily, in particular, wave clouds that develop 

1 on the lee side of mountain ridges. 
appear in television pictures in the form of bands having a characteristic 

having 
In the television pictures 

The clouds which form behind obstacles, 

wave f o m  that extend hundreds of kilometers downwind 

The study of conditions which are favorable for the development of 
clouds on the-lee-side of obstacles/ has been the subject of-a great many both 

* Nmbers in the margin indicate the pagination in the original foreign text, 
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9 t heo re t i ca l  and empirical  papers [1,3,5,8,12]. The r e s u l t s  obtained i n  these 

s tud ies  can be formulated as follows: Clouds form behind obstacles  i n  the  

presence of s t a b l e  s t r a t i f i c a t i o n  i n  t h e  atmosphere, high rates of air flow, 

and s ign i f i can t  wind s h i f t s  i n  the  cloud layer .  

! 
As a ru l e ,  the  cloud bands 

' t h a t  form i n  the  troughs of the  waves are arranged perpendicular t o  the  

d i r ec t ion  of t he  air  flow. 

of t he  d i s t r i b u t i o n  of wind and temperature with height,  and varies from 

5 t o  50 km. 

The length of the  lee wave changes as a function 

P r io r  t o  the  development of a r t i f i c i a l  ea r th  satell i tes,  inves t iga tors  

were faced with the  problem of determining the  length of t he  lee wave 
' the  bas i s  of a given temperature and wind speed d i s t r i b u t i o n  i n  the  atmos- 

phere. meteorologists have access t o  information on the  s p a t i a l  dis-  

t r i bu t ion  of clouds behind the  obstacle.  

t h i s  connection, i.e., determining the 'd i r ec t ion  and speed of the air  flow 

as w e l l  as t h e  temperature s t r a t i f i c a t i o n  of t h e  atmosphere on t h e  bas i s  of 
t e l ev i s ion  p ic tures  of cloud cover. The meteorological l i t e r a t u r e  contains  

sca t te red  examples of j o i n t  ana lys i s  of t e l ev i s ion  p ic tures  of wave clouds 

and synoptic material 19, 101. 

on 

Now 

The opposite problem arises i n  

In  cont ras t  t o  previous e f f o r t s ,  t h e  author has analyzed a comparatively 

l a r g e  number of photographs of wave clouds developing behind the  Urals and 

mountain r idges  of eastern Siber ia .  

t h a t  t he  wave clouds extend 100-500 km. behind the  obstacles  (downwind) 

Analysis of these p ic tures  has shown 

and frequent ly  occupy areas on the  order of mi l l ions  of square kilometers. L2L 

I n  working with the  t e l ev i s ion  p ic tures ,  t he  s c a l e  of t he  wave movements 
1 behind the  obstacles  was  invest igated first. 

I 

I The s t a t i s t i c a l  ana lys i s  of t he  da ta  from measurements of t h e  wave 
. #  

length 

, and 15 km., i n  20% of t he  cases, it w a s  between 5 and 10 km., i n  20% of t h e  

cases, i t  was  15 t o  20 lune, and i n  lo%, it  w a s  more than 20 he Hence, t h e  

revealed t h a t  i n  50% of t h e  cases  t h e  wave length w a s  between 10 
8 
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. I  6 %  

wave length behind the  obs tac le  w a s  most of ten  10-15 km., which is i n  complete 

, agreement with the  theory of mountain waves [ 8 ] .  It should be pointed out i 

1 
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t h a t  wave lengths  on t h e  order of 1 km, and less 

i n  the  t e l ev i s ion  p i c tu re s ,  so t h a t  no da ta  on t h e i r  reproducib i l i ty  are 

could not be distinguished 

given i n  t h e  se l ec t ion  w e  have made. 

The study of the atmospheric temperature s t r a t i f i c a t i o n  conditions i n  

showed t h a t  t he  v e r t i c a l  temperature grad- the  presence of lee wave clouds 

i e n t  i n  t h e  cloud l aye r  changes within r a the r  wide l i m i t s  (from y = 0.4 t o  

y = 0.9 a t  100 m). 

s t a t i o n s  ind ica t e  t h a t  mainly strato-cumulus clouds formed behind obstacles  

Meteorological observation data  from a network of ground 

, during the  period i n  question. 
' t h a t  t h e  temperature gradients  i n  these regions w e r e  small as a rule. 

This may be considered an i n d i r e c t  proof 

J o i n t  ana lys i s  of t e l ev i s ion  p ic tures  of cloud cover and wind f i e l d  

pa t te rns  ha5 revealed t h e  following f ea tu res  of t h e  wind f i e l d  i n  the  l aye r  

of t h e  atmosphere beneath the  clouds: 

with height ,  t h e  v e r t i c a l  wind shear changed from 1°1013 t o  6010-~ sec- lp  

and t h e  modal value was  301O-~ sec-l; (b) the  mean wind speed i n  t h e  cloud 

l aye r  (according t o  

(a) t he  speed of t h e  a i r  flow increased 

da ta  from 24 measurements ) was 11 m/sec, and i n  

half  the  cases,  it w a s  10 t o  15 m/sec; (c) t h e  wind d i r ec t ion  was  s t a b l e  with 

height ( the change i n  wind d i r ec t ion  with height was  less than loo in 60% of 

the  cases a t  1,000 m., while i t  w a s  30" at 1,000 m. i n  t h e  remaining 40% of 

t h e  cases).  

It follows from both the  nonlinear 14,  51, and l i n e a r  [8J theor ies  of 

I mountain waves t h a t  as t h e  speed of t h e  a i r  flow increases,  t h e  wave length  

increases as w e l l ,  a l l  o ther  conditions being equal. 

i n  t h i s  regard 

length.  and t o  use empirical da ta  t o  compare t h e  r e s u l t s  obtained with t h e  

theo re t i ca l  f indings (Figure 1). 
obtained (marked by the  dots ) ,  as w e l l  as t h e  empirical  curve showing t h e  

It w a s  i n t e r e s t i n g  

t o  p lo t  a graph showing wind speed as a function of wave 

: 
' 

Figure 1 lists t h e  empirical  da ta  w e  
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dependence of wind speed on wave length (Curve 1). For comparison, t h e  

same re la t ionship  is given (Curve 2) ,  proceeding from l i n e a r  theory, 

9 'a where 

and y are the  ad iaba t ic  and ac tua l  vertical temperature gradients ,  respec- 

t i ve ly ,  g is t he  acce lera t ion  due t o  gravi ty ,  and L is the  wave length. 

u i s  t h e  mean speed of t he  flow, T i s  t h e  absolute  temperature 

The dependence of wind speed on wave length calculated by t h e  semi- 
2 empirical  formula of A. A. Dorodnitsin (u = L /4, where, L ' i s  t he  wave length 

i n  km., and u i s  the  wind speed i n  m/sec) 
- 

is  represented i n  Figure 1 by 

' Curve 3. 

It is  evident,  from Figure l, tha t  the ac tua l  wind speed a t  a given 

wave length 

example. Although the  number of models is small (25), t h e  empirical rela- 

t ionship can obviously be used t o  estimate t h e  speed of t he  air flow on 
b a s i s  of t h e  t e l ev i s ion  p ic tures  of cloud cover made by a satellite. 

w i l l  be less than would be indicated by l i n e a r  theory, f o r  

- /32 

Figure 1. Wind speed versus wave length.  n = number of models. 
L 
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Figure 2. Mutual o r i en ta t ion  
of cloud bands and wind d i r -  
ection. P = probabi l i ty  of 
occurrence of various values  

e 

Another problem of p r a c t i c a l  i n t e r e s t  

i s  t h e  c l a r i f i c a t i o n  of the  mutual or ienta-  

t i o n  of the  a i r  flow and the  cloud bands. 

The empirical  da ta  on the  mutual o r i en ta t ion  

of t h e  cloud bands and the  air flow are 

given i n  Figure 2. 

t he  majority of cases,  t h e  clouds are or ient-  

ed perpendicular t o  the  a i r  flow. I n  60% 

of t h e  cases, t h e  deviat ion of t he  or ienta-  

t i o n  of the  clouds from normal t o  th6  d i r -  

ect ion of t he  air  flow (Aq) 

- + l o o ,  i.e., i t  is within the  l i m i t s  of 

accuracy of our measurements. 

They ind ica t e  t h a t  i n  

does not exceed 

I n  the  re- 

maining cases,Acp does not exceed 5 30°. c 

Hence, t e l ev i s ion  p ic tures  of wave clouds t h a t  develop behind mountain 

r idges 

it t o  be perpendicula; t o  t h e  cloud bands. 

can be used t o  determine the  d i r ec t ion  o f s t h e  air  flow considering 

L e t  us take  an example of t h e  i d e n t i f i c a t i o n  of t he  d i rec t ion  and speed 

of t he  a i r  flow on t h e  b a s i s  of a t e l ev i s ion  p i c tu re  of cloud cover 

by qtCosmos-122ts on July 21, 1966 (Figure 3). The clouds were photographed 

a t  0912 hours, Moscow t i m e  

photograph revealed t h a t  wave clouds s t re tched  i n t o  bands 

a ra ther  l a r g e  area on the  lee s i d e  of t h e  mountains. 

arranged p a r a l l e l  t o  t h e  mountain r idge  (from south-southwest t o  north- 

northeast) .  

photograph and da ta  from ground observations. 

material indicated t h a t  a t  0900 hours 

taken 

above the  U r a l  Mountains. Analysis of t h e  

were observed over 

The cloud bands w e r e  

They were judged t o  be strato-cumulus clouds on the  bas i s  of the  

Anyalysis of t he  aerological  

t h e  atmosphere i n . t h i s  region w a s  
s tab ly  s t r a t i f i e d  (y = 0.78 degreedl00  m), t h e  wind d i r ec t ion  did not 

with height and was from t h e  west-northwest. The wind speed increased 

height and w a s  15 m/sec i n  the cloud layer .  

change 

with 



Figure 3. Television p i c tu re  of cloud cover taken by "Cosmos-122" 
on June 21, 1966, a t  0912 hours (Moscow time). The o u t l i n e  shows 
t h e  pos i t ion  of t h e  U r a l  Ridge. 
t h e  Salekhard Stat ion.  

The dot sho.ws t h e  loca t ion  of 

The wave length w a s  determined as follows i n  t h e  te lev is ion  picture:  

t h e  dis tance between the  nth and n + 5th o r  n + 6th cloud bands w a s  measured 

a f t e r  which 

are discussing here ,  t h e  wave length w a s  found t o  be 11 km. 
the  graph (Figure 1 )  t o  determine t h e  wind speed at t h e  cloud l eve l ,  

f i g u r e  w a s  11 m/sec. 

retical s t r a i g h t  l i n e  and along t h e  curve, p lo t t ed  using Dorodnitsin's semi- 
empirical  f ~ ~ ~ l a ,  are 21  and 25 m/sec, respectively.  

the average wave length w a s  determined. I n  the  case, which w e  

W e  then used 

This 

The wind speed values determined according t o  the  theo- 
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The ac tua l  wind speed i n  the  cloud l aye r ,  as indicated by rawinsonde , 

data  co l lec ted  at  Salekhard, was 15 m/sec. The d i r ec t ion  of t he  air flow,. 

as i d e n t i f i e d  from the p ic ture ,  agreed with the t r u e  wind d i rec t ion ,  . &  

The r e s u l t s  presented i n  t h i s  paper i nd ica t e  t h a t  t e l ev i s ion  p ic tures  

of cloud formations developing on the lee s i d e  of mountain r idges can be 

used t o  determine t h e  d i r ec t ion  of the  air  flow. Determination of t h e  rate 

of air  flow i n  t h e  cloud l aye r  i s  less r e l i a b l e ,  but the  difference between 

the  calculated and ac tua l  data  on wind speed is comparatively small. 

accumulation of da ta ,  f a c t u a l  d a t a s w i l l  undoubtedly reveal c loser  empirical  

re la t ionships  and w i l l  make it possible  t o  make a still  more r e l i a b l e  deter* 

Further '  

mination of t he  speed of air flow on the  bas i s  of data  on t he  s p a t i a l  s t ruc-  
8 t u r e  of clouds on t h e  lee s i d e  of mountain ridges.  
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